Abstract. The first metatarsophalangeal (MTP) joint is a critical component for normal walking. The present study aimed to investigate the effects of restricting the flexion-extension motion of the first MTP joint on human walking gait. Ten male participants were recruited to perform walking trials under barefoot (BF) and the first MTP joint constraint (FMJC) conditions, respectively. The results showed that there were statistically significant differences in walking speed and stride length. The characteristics of angular displacement in three lower limb joints and ground reaction force (GRF) were almost identical in BF and FMJC. However, maxima, minima and range of motion of three joint angles were significantly different. The utilized coefficient of friction (UCOF) increased significantly after FMJC, indicating that there may be a greater risk of slippage and falling when FMJC.
Introduction
In the design of lower extremity exoskeleton, the degrees of freedom of the hip, knee, and ankle are the emphases. The feet of the exoskeleton are usually designed as a whole without the consideration of the flexion-extension motion of the first MTP joint [1, 2] . Moreover, in the design of the lower limb prostheses, the motion of this joint is usually limited into a small range. Additionally, in gait analysis, the foot is usually considered as rigid and the flexion-extension of the first MTP joint is ignored. Measurements of the motion of the first MTP joint have been well studied [3] [4] [5] [6] [7] , but the change of gait parameters related to this joint is less studied. The function of the first MTP joint is to maintain the stability of the arch of the foot, bear weight and conduct stress during human walking [8, 9] . Adequate motion of the first MTP joint, especially dorsiflexion, is the basic guarantee of an effective pushing of a walk [10] . Moreover, the dorsiflexion of the first MTP joint during gait can be as much as 90 degrees [3] [4] [5] [6] [7] 10] . The loss or restriction of the motion of the first MTP joint can severely impair the function of the foot and change plantar pressure distribution [11] . Studying changes induced by FMJC is critical for understanding the importance of the first MTP joint in human walking.
In this study, the effects of restricting the flexion-extension motion of the first MTP joint on walking gait were investigated. We used a custom fabricated wood splint to restrict the flexion-extension motion of the first MTP joint. And we hypothesized that the gait characteristics would be affected by the restriction. This study will be useful for physical therapy, gait planning for exoskeletons and the design of lower limb prostheses.
Methods

Participants
We recruited ten healthy young male volunteers (age 25.5±1.38 years; height 173.83±3.92 cm; body mass 65.33±3.67 kg) to perform the test. The institutional review board of the Tianjin University of Science and Technology approved this study and all subjects gave written informed consent. All of the participants have not any neurological or orthopedic conditions, previous back injuries, recent fractures, muscle strains, or joint sprains, and are capable of independent ambulation.
Test equipment
In order to restrict the flexion-extension motion of the first MTP joint, a custom fabricated wood splint ( Figure 1 ) was fabricated based on a type of big toe extroversion correcting tape. A small piece of wood (10.0 cm× 3.5 cm× 0.3 cm) was placed beneath the first MTP joint in the neutral position. Correcting tape was used to fix the position of the wood.
The walking trials were performed on a 5-m walkway. Data capturing took place at the middle 2.5 m of the walkway, thus excluding any accelerations or decelerations. Three-dimensional motion was captured using a six-camera motion analysis system (VICON, Oxford Metrics Ltd., Oxford, UK). Sixteen retro-reflective markers (14 mm in diameter) were attached to the participant's lower limbs according to the Plug-In-Gait marker set. The motion data were sampled at 120 Hz.
Ground reaction forces (GRF) were recorded using two AMTI force plates (OR6-6-1, AMTI Corp., Newton, MA, USA). The force plate data were sampled at 1200 Hz. The VICON and AMTI were time-synchronized.
Protocol
Before the trials, the age, height, weight, and lower-extremity anthropometric data of the participants were measured. The subjects were permitted multiple practice trials (5 trials in average per subject) to acclimate to the environment, the markers, and the restraint device. After the acclimation period, the subjects were required to complete 10 barefoot (BF) trials and 10 first MTP joint constraint (FMJC) trials. The subjects were instructed to perform each trial normally. After every two walking trials, each subject would be asked to rest for 2 min to avoid fatigue effect.
Data analysis
A gait cycle, is divided by the heel contact and toe-off, includes the stance phase and swing phase. Single support phase (one foot stands on the ground) and double support phase (both feet in contact with the ground) are included in stance phase. Walking time was normalized to a gait cycle as follows: 0% represented the first heel contact with the ground of the leading foot (right foot), and 100% represented the next heel contact of the leading foot. Data acquired from the markers and force plates were used to calculate spatiotemporal parameters, which included walking speed (m/s), stride length (m), cadence (steps/min), single support time(s) and double support time(s), and joint angles of lower limbs through the Plug-In-Gait Biomechanical Modeler Pipeline (Oxford Metrics, Oxford, UK) [12] . The GRF were normalized to the subject's body weight. During the GRF analysis, time was normalized to the stance phase as follows: 0% represented heel contact, and 100% represented toe off the ground [13] . Motions in sagittal plane, which divides the body into two left and right parts, were analyzed as the majority of the motions occur in this plane [14] .
During walking, a slip is likely to occur when the utilized coefficient of friction (UCOF), also referred to as the 'required' coefficient of friction (RCOF), of an individual exceeds the available friction at the foot floor interface [15] [16] [17] . Normalized GRF were used to calculate a subject's UCOF. For each trial, the UCOF was calculated by dividing the resultant shear force (computed from the anterior-posterior (F Y ) and the medial-lateral (F X ) forces) by the vertical force (F Z ), as shown in Eq.
(1). In order to avoid spurious UCOF values resulting from the division by small numbers, the data were screened, and only the UCOF data in which the vertical GRF exceeded 50 N were analyzed [18] . The gait parameters were analyzed using paired t-test to verify the significant differences between BF and FMJC walking. P-values < 0.05 were considered significant. All of the data analyses were conducted using Statistical Product and Service Solution (SPSS) 20.0 statistical software.
Results
Spatiotemporal parameters
The walking speed (p=0.041) and stride length (p=0.009) decreased significantly after the first MTP joint was restricted ( Table 1 ). The other parameters had no significant changes.
Kinematic parameters
The characteristics of the angular displacement of the ankle, knee, and hip were almost identical in the BF and FMJC trials (Figure 2) . However, maxima, minima and range of motion of joint angles were significantly different ( Table 2) .
The maximum plantar flexion of the ankle joint in loading response (AS 1 , p<0.05; Figure 2a , Table  2 ) in FMJC was significantly smaller than in BF. The ankle joint was significantly dorsi flexed during stance and swing phases in FMJC (AS 2 and AS 3 , p<0.05; Figure 2a , Table 2 ). The total range of motion of the ankle joint was also significantly different (AS 4 , p<0.05; Table 2 ).
The maximum flexion of the knee joint significantly increased in loading response and during swing after FMJC (KS 1 and KS 2 , p<0.05; Figure 2b , Table 2 ). However, the total range of motion of the knee had no significant difference (KS 4 , p>0.05; Table 2 ).
The hip joint in FMJC exhibited more flexion (HS 1 , p<0.05; Figure 2c , Table 2 ) at heel strike, but less extension (HS 2 , p<0.05; Figure 2c , Table 2 ) during stance phase. The total range of motion of the hip in FMJC was greater than in BF (HS 3 , p<0.05; Table 2 ).
Ground reaction force
The vertical GRF curves in both the BF and the FMJC trials exhibited two main peaks during stance. Basing on Figure 3 , the first peak obtained in the FMJC trials was nearly identical with that obtained in the BF trials, but the second FMJC peak was higher than BF ( Figure 3) . 
UCOF
A significant increase in the UCOF was observed after FMJC. And the UCOF in the FMJC trials is 23% greater than in BF (Table 3 ).
Discussion
Our results showed that the walking speed and stride length of the participants both decreased significantly after the first MTP joint was restricted. Similar results were found by Laroche et al. [19] .
They found that the walking velocity was lower and the stride length shorter in rheumatoid arthritis patients than in controls. Besides, previous studies have shown that those two parameters have effects on gait performance. Specifically, Chung et al. [20] found that the gait performance while walking generally increased with the increasing walking speed; Kirtley et al. [21] have found that peak knee flexion moment is strongly related to walking speed, and stride length is probably the best basis for deciding the normal range for a particular measurement; Meir Plotnik et al. [22] founded that left-right anti-phase stepping was similar in normal and fast walking, but altered during slow walking. So, it is suggested that restricting the flexion-extension motion of the first MTP joint could change normal gait performance.
The kinematic results showed how the motions of lower limb joints would be modified by FMJC. The higher dorsiflexion of the ankle joint was generated in FMJC during the terminal stance and pre-swing phases of the gait than in BF. Ankle dorsiflexion would reserve and then provide toe-pushing force to help body mass move forward [10, 23] . So, greater dorsiflexion may provide stronger pushing forces to perform normal walking. Increased flexion of the knee and the hip were observed in FMJC walking. And those results were consistent with the study of Laroche et al. [19] . Their study showed that there was a negative relationship between maximal flexion of the knee and hips during walking and the underlying MTP dorsal flexion range of motion. The compensatory motion of lower limb joints enabled the participants with FMJC to walk with a walking speed 97% (100*(1.16/1.20), Table 1 ) of BF and a stride length 98.0% (100*(1.28/1.31), Table 1 ) of BF.
Restricting the flexion-extension motion of the first MTP joint would enlarge the rocker radii of foot. As a result, roll-over shapes may be changed. However, the report of Hansen et al. [24] showed that roll-over shapes in able-bodied subjects do not change appreciably for conditions of level ground walking, when wearing shoes with different rocker radii. Since plantar pressure can decide roll-over shapes and vertical GRF, the feature of roll-over shapes mentioned may be the reason why the GRF curves of BF and FMJC showed almost the same characteristic.
In one condition, the available friction at the foot floor interface is a constant; therefore, a greater UCOF reflects a greater risk for slipping and falling [15] [16] [17] . The UCOF in FMJC was significantly greater than in BF, indicating that restricting the flexion-extension motion of the first MTP joint can induce greater risk of slippage and falling.
The purpose of this study was to explore the effects of restricting the flexion-extension motion of the first MTP joint on human walking gait. A restriction, not immobilization, was applied in the present study. And the results we got proved the existence of FMJC effects. Next, studying the relationship between the level of restriction and gait performance would be the conducted.
Conclusion
The aim of this study was to investigate the importance of the flexion-extension motion of the first MTP joint by means of restricting this motion. The results showed that the walking speed and stride length decreased significantly after the first MTP joint was restricted. The characteristics of angular displacement in three lower limb joints and GRF exhibited no significant differences between the BF and the FMJC walking. However, maxima, minima and range of motion of the joint angles, were significantly different. The analysis of the UCOF indicated that FMJC can induce greater risk of slippage and falling. Generally, the flexion-extension motion of the first MTP joint is important for normal walking and should be considered by related researchers.
